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We investigate the optical excitation spectra and the photoluminescence depolarization dynamics
in bilayer WS2. A different understanding of the optical excitation spectra in the recent photolumi-
nescence experiment by Zhu et al. [arXiv:1403.6224] in bilayer WS2 is proposed. In the experiment,
four excitations (1.68, 1.93, 1.99 and 2.37 eV) are observed and identified to be indirect exciton for
the Γ valley, trion, A exciton and B exciton excitations, respectively, with the redshift for the A
exciton energy measured to be 30∼50 meV when the sample synthesized from monolayer to bilayer.
According to our study, by considering there exist both the intra-layer and charge-transfer excitons
in the bilayer WS2, with inter-layer hopping of the hole, there exists excimer state composed by the
superposition of the intra-layer and charge-transfer exciton states. Accordingly, we show that the
four optical excitations in the bilayer WS2 are the A charge-transfer exciton, A
′ excimer, B′ excimer
and B intra-layer exciton states, respectively, with the calculated resonance energies showing good
agreement with the experiment. In our picture, the speculated indirect exciton, which involves a
high-order phonon absorption/emission process, is not necessary. Furthermore, the binding energy
for the excimer state is calculated to be 40 meV, providing reasonable explanation for the experi-
mentally observed energy redshift of the A exciton. Based on the excimer states, we further derive
the exchange interaction Hamiltonian. Then the photoluminescence depolarization dynamics due
to the electron-hole exchange interaction is studied in the pump-probe setup by the kinetic spin
Bloch equations. We find that there is always a residual photoluminescence polarization that is
exactly half of the initial one, lasting for an extremely long time, which is robust against the initial
energy broadening and strength of the momentum scattering. This large steady-state photolumi-
nescence polarization indicates that the photoluminescence relaxation time is extremely long in the
steady-state photoluminescence experiment, and can be the cause of the anomalously large photolu-
minescence polarization, nearly 100% observed in the experiment by Zhu et al. in the bilayer WS2.
This steady state is shown to come from the unique form of the exchange interaction Hamiltonian,
under which the density matrix evolves into the one which commutes with the exchange interaction
Hamiltonian.
PACS numbers: 71.70.Gm, 71.35.-y, 78.67.-n
I. INTRODUCTION
In the past several years, as a new type of two-
dimensional material, monolayer (ML) transition metal
dichalcogenides (TMDs) have attracted much atten-
tion partly due to their novel optical properties aris-
ing from their unique band structures.1–17 With the di-
rect energy gap and large energy splitting of the valence
bands,1–8,13,14 the chiral optical valley selection rule al-
lows the optical control of the valley and spin degrees
in ML TMDs, which are mainly realized by the excitonic
excitation.2,4–6,10–12,18 Consisting of two ML TMDs, with
the added layer degree of freedom, bilayer (BL) TMDs
also exhibit rich optical properties due to the preservation
of the chiral optical valley selection rule,10,19–27 apart
from the new features such as the electrical polarization,
electrical-tuned magnetic moments and magnetoelectric
effect.19–22 Specifically, due to the added layer degree of
freedom in BL TMDs, the optical-excited electron and
hole can not only stay in the same layer, which form the
intra-layer (IL) exciton, but also in different layers re-
ferred to as the charge-transfer (CT) exciton [the config-
urations for the A and B IL (CT) excitons in the K valley
are shown in Fig. 1]. Furthermore, due to the inter-layer
coupling, the two kinds of excitons can couple to form a
new elementary excitation: excimer.28,29 Therefore, BL
TMDs may provide an ideal platform to study the ex-
cimer optical excitation and related photoluminescence
(PL) depolarization dynamics.
Very recently, a great deal of attention has been
drawn to BL TMDs from theoretical and experimental
aspects.10,19–26 The theoretical studies show that only
the hole with the same spin in the same valley can hop be-
tween different layers efficiently in BL TMDs.21,22 How-
ever, it is further claimed that due to the inter-layer hop-
ping energy of the hole is smaller than the energy split-
ting of the valence bands, the inter-layer hopping of the
hole is markedly suppressed and hence there may exist
spin-layer locking effect in BL TMDs.22 In this sense,
BL TMDs can be treated as two separated ML TMDs,
which has been used to understand the recent experi-
ments related to the optical exciton excitation and PL
depolarization dynamics.19,20,22–26
Experimentally, the optical exciton spectra and related
PL depolarization dynamics in BL TMDs are in active
2progress.10,19–26 The recent PL experiments in BL TMDs
show that the spectra of the optical excitation is very dif-
ferent from the ML situation.23–27 On one hand, in the
BL TMD heterostructures, excitation energy much lower
than the one in ML TMDs is observed and attributed to
be CT exciton, whose lifetime is found to be as long as
nanoseconds.24,25 On the other hand, in the experiments
for the BL WS2 carried out by Zhu et al.,
26,27 it has been
observed that there are four resonance excitations with
excitation energies approximately being 1.68, 1.93, 1.99
and 2.37 eV, respectively, rather than the two excitations
named A and B excitons with resonance energies approx-
imately being 2.03 and 2.40 eV in the ML WS2. These
four excitations are speculated to be the indirect exci-
ton for the Γ valley, trion, A exciton and B exciton ex-
citations, respectively.26,27 Specifically, compared to the
ML WS2, the obvious redshift for the A exciton energy
about 30 ∼ 50 meV is observed in the BL WS2 in these
experiments.26,27 Moreover, in the work of Zhao et al.,23
the additional lowest excitations for the BL MoS2, WS2
and WSe2 are also reported and claimed to be the indi-
rect excitation in the Γ valley, which is in contrast to the
understanding in the BL TMD heterostructures.24,25 Fur-
thermore, the behavior of the PL depolarization dynam-
ics for the BL WS2 is revealed to be very different from
the ML situation.26 Zhu et al. has observed that with the
same experimental conditions, the steady-state PL polar-
ization for the excitation 1.99 eV (so-called A exciton) is
nearly 100% in the BL WS2, which is anomalously larger
than the one measured in the ML WS2 (less than 40%).
26
However, based on the spin-layer locking picture,22 this
PL depolarization dynamics is very hard to understand
according to the previous study in ML TMDs,30,31 where
the intrinsic electron-hole (e-h) exchange interaction can
cause efficient PL depolarization due to the Maialle-Silva-
Sham (MSS) mechanism.26,32,33
In this paper, we present a possible understanding of
the above observations that is different from the above
speculations.23–27 In our picture, the speculated indi-
rect exciton, which involves a high-order phonon absorp-
tion/emission process, is unnecessary. In BL TMDs, due
to the strong Coulomb interaction,27,34–38 the e-h pair
can form not only the IL exciton but also the CT one.
Furthermore, due to the inter-layer hopping of the hole,
the IL and CT excitons can couple together to form the
excimer.28,29 Here, although the dark exciton can also
contribute to the formation of the excimer state, on one
hand, it has negligible influence on the excimer energy
level; on the other hand, it cannot be excited in the op-
tical process. Hence, in the optical process, only the
bright exciton needs to be considered. Furthermore, in
the BL WS2, although there exists large energy splitting
for the valence bands, due to the anisotropy of dielectric
constant,8,39–41 the A IL and B CT exciton states are
nearly degenerate and hence can couple together to form
the A′ and B′ excimer states with the energy level calcu-
lated to be 1.99 and 2.10 eV, respectively. Accordingly,
the binding energy for the excimer states are calculated
to be 40 meV, showing good agreement with the observed
redshift for the A exciton in the BL WS2.
26,27 Moreover,
the energy level for the lowest and highest excitations are
calculated to be 1.69 and 2.41 eV, which correspond to
the A CT and B IL excitons, also showing good agree-
ment with the experiment.23,26,27 Therefore, according
to our calculation, the understanding of the four excita-
tions is different from the speculation in the experiments,
with the lowest three excitations being the A CT exci-
ton, A′ excimer and B′ excimer rather than the indirect
excitation for the Γ valley, trion and A exciton.23,26,27
We further study the exchange interaction between the
two excimer states we reveal in the BL WS2, based on
which we perform the investigation of the PL depolariza-
tion dynamics by the kinetic spin Bloch equations (KS-
BEs) in the pump-probe setup.42,43 We find both the
Coulomb interaction and inter-layer hopping of the hole
can contribute to the exchange interaction in both the
intra- and inter-valley situations. These dominant pro-
cesses are illustrated in Fig. 1 for the intra-valley sit-
uation. On one hand, the e-h pair in one IL exciton
can virtually recombine and then generate another IL
exciton due to the Coulomb interaction directly. On
the other hand, there exists another higher-order pro-
cess, in which the hole in the CT exciton first hops from
one layer to another and then recombines virtually with
the electron part to generate the IL exciton due to the
Coulomb interaction. These exciton transition processes
can cause the excimer transition efficiently due to the
MSS mechanism,26,30–33 with the former process is more
important than the latter.
We then perform the investigation of the PL depo-
larization dynamics by the KSBEs in the pump-probe
setup.42,43 The calculations based on the KSBEs show
that with the absorption of the σ+ light, the emergence
of the σ− light can be instantaneous, which is similar
to ML TMDs.30,44–46 Furthermore, there is always an
anomalous residual PL polarization as large as 50% ex-
actly, lasting for extremely long time, which is robust
against the initial energy broadening and strength of the
momentum scattering. This indicates that the PL depo-
larization time τs can be much longer than the excimer
lifetime τr, which is in the order of picoseconds.
18,26,44,47
Accordingly, based on the rate equation,4,10,11,18 this pro-
vides a reasonable explanation for the anomalously large
steady-state PL polarization nearly 100% observed in the
experiment of Zhu et al. in the BL WS2.
26 We further re-
veal that this anomalous steady state originates from the
specific form of the exchange interaction Hamiltonian. It
is interesting to see that there exists a density matrix in
the steady state but with residual PL polarization, which
can commute with the exchange interaction Hamiltonian
and hence protects the large residual PL polarization.
Moreover, for the system pumped by the elliptically po-
larized light, we demonstrate that the residual PL po-
larization is always half of the initial polarization of the
elliptically polarized light.
This paper is organized as follows. In Sec. II, we set
3up the model and lay out the formalism. In Sec. II A,
we derive the excimer state and calculate the excimer
excitation energy. In Sec. II B, we derive the excimer
exchange interaction. In Sec. III, we present the KSBEs
and perform the calculations for the PL depolarization
dynamics in the pump-probe setup. We conclude and
discuss in Sec. IV.
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FIG. 1: (Color online) Schematic diagram of the exciton con-
figurations and the intra-valley exchange interaction processes
for the bright exciton in the K valley for BL TMDs. In the
figure, u and l represent “upper” and “lower” layer, respec-
tively, which is associated with the absorption of σ+ and σ−
light directly in the K valley. A and B denote the A and B
IL (CT) exciton if the e-h pair, which is labeled by the same
color, is in the same u/l (different) layer. The Feynman di-
agrams show the two dominant exciton exchange interaction
progresses, with momentum conservation explicitly shown in
the figure. On one hand, the e-h pair in one IL exciton can
virtually recombines and then generates another IL exciton
due to the Coulomb interaction directly, shown by the red
arrows. On the other hand, there exists another higher-order
process, in which the hole in the CT exciton first hops from
one layer to another and then recombines virtually with the
electron part to generate the IL exciton due to the Coulomb
interaction, shown by the green arrows.
II. MODEL AND FORMALISM
In this section, following the previous works within the
framework of effective-mass approximation,30,32,48,49 the
excimer Hamiltonian for the envelope wavefunction is de-
rived [refer to Eq. (A3) in Appendix A]. Based on the
excimer Hamiltonian, we then calculate the energy spec-
tra of the optical excitations (Sec. II A) and the exchange
interaction between the excimer states (Sec. II B) in the
BL WS2.
A. Excimer state in BL WS2
In this subsection, we present the optical excitations
in the BL WS2. Due to the strong Coulomb interaction,
the e-h pair forms the IL and CT excitons. Furthermore,
due to the efficient inter-layer hopping of the hole, the
excimer state can be formed from the superposition of
the IL and CT exciton states. Here, although the dark
exciton can also contribute to the formation of the ex-
cimer state, on one hand, it has negligible influence on
the excimer energy level; on the other hand, it cannot
be excited in the optical process. Hence, in the optical
process, only the bright exciton is considered and the
corresponding excimer state is referred to as bright ex-
cimer. Specifically, for the optical excitation experiment
with one photon process, we focus on the excimer ground
state (1s-state) |mn;mn′;P = 0〉 (P is the center-of-mass
momentum), which is written as
〈r1, r2|mn;mn′;P = 0〉 = Amn1s fmn1s (r1 − r2)Ψm(r1)
× Ψ˜n(r2) +Amn
′
1s f
mn′
1s (r1 − r2)Ψm(r1)Ψ˜n′(r2) (1)
in the coordinate representation, with the first (second)
term at the right hand side of Eq. (1) describing the IL
(CT) exciton wavefunction. Here, r1 and r2 are the elec-
tron and hole coordinates. m in the conduction band and
n (n′) in the valence band denote the indices including
the layer, valley and spin degrees of the electron; n and
n′ are limited in the same valley and different layers with
the spin degrees being the same as the one inm. Amn1s and
Amn
′
1s represent the amplitudes of the IL and CT exciton
states in the excimer state. f
mn(n′)
1s (r1 − r2) is the two-
dimensional hydrogen-like exciton state of the e-h pair
for the electron and hole sitting in the m- and n(n′)-
band, and when the center-of-mass momentum P=0, it
is written as,
f
mn(n′)
1s (r1 − r2) =
√
8/pia2
B
exp(−2|r1 − r2|/aB),
(2)
with aB being the Bohr radii for the exciton, which
are different for the IL and CT excitons represented by
aB‖ and aB⊥, respectively, due to the anisotropy of the
dielectric constant.8,39–41 In the following, the hydrogen-
like exciton state for the IL and CT excitons are further
explicitly represented by f IL1s (r1 − r2) and fCT1s (r1 − r2).
Ψm(r) [Ψ˜n(n′)(r)] is the band-edge wavefunction for the
electron (hole).30,32,48,48,49
From Eq. (A3), the amplitudes A
mn(n′)
1s satisfy the
equation
(Em − En + Emn1s )Amn1s +
∑
n′
T˜nn′A
mn′
1s = EA
mn
1s , (3)
with Em and En being the band-edge energies for the m-
and n-band, respectively; Emn1s representing the exciton
binding energy for the m-band electron and n-band hole,
which is further denoted by Eb,‖ and Eb,⊥ for the IL
4and CT excitons; T˜nn′ standing for the effective hopping
energy for the hole between n- and n′-band, which only
exists for the hole in the same valley with the same spin
between different layers. This effective hopping energy
T˜nn′ for the hole is determined by the overlap of the IL
and CT hydrogen-like exciton wavefunctions, written as
T˜nn′ ≡ t∗⊥ = t⊥
∫
dr1dr2f
mn
1s (r1 − r2)fmn
′
1s (r1 − r2)
= 4t⊥aB‖aB⊥/(aB‖ + aB⊥)2, (4)
with t⊥ being the inter-layer hoping energy for the
hole21,22. Finally, the eigen-equations [Eq. (3)] for the
amplitudes of the IL (Amn1s ) and CT (A
mn′
1s ) excitons in
the excimer state are written in the matrix form as(
E1 − E T˜nn′
T˜n′n E2 − E
)(
Amn1s
Amn
′
1s
)
= 0. (5)
Here, E1 = Em − En + Eb,‖ and E2 = Em − En′ + Eb,⊥
stand for the energy levels for the IL and CT excitons,
respectively. Specifically, there are 16 configurations for
the bright exciton states in BL TMDs, in which the 4
degenerate A or B IL (CT) excitons are distinguished
by the valley and layer degrees of freedom. Therefore,
actually there are only four kinds of bright exciton states
and hence two kinds of bright excimer states needed to
be considered. One excimer state is composed of the A
IL and B CT excitons and the other one is composed
of the B IL and A CT excitons. Obviously, although
there exists large energy splitting for the valence bands,
by considering different binding energies Emn1s and E
mn′
1s
for the IL and CT excitons due to the anisotropy of the
dielectric constant,8,39–41 the energy levels E1 and E2 for
the IL and CT excitons can be close to each other.
From Eq. (5), by assuming E1 < E2, the eigenvalues,
which denote the excimer excitation energies, are written
as {
E1′ =
E1 + E2
2 − 12
√
(E1 − E2)2 + 4|t∗⊥|2
E2′ =
E1 + E2
2 +
1
2
√
(E1 − E2)2 + 4|t∗⊥|2
. (6)
Hence the IL and CT excitons can couple together and
the excimer state is formed when |E1 − E2| ≪ 2t∗⊥. Ac-
cordingly, the amplitudes A
IL(CT)
i′ of the IL (CT) exciton
state in the excimer state with excitation energy Ei′ are
expressed as

AILi′ =
t∗⊥√
(t∗⊥)2 + (Ei − Ei′)2
ACTi′ =
Ei′ − Ei√
(t∗⊥)
2 + (Ei − Ei′)2
. (7)
In the following, we first list the material parameters
used in the calculation of excimer state, shown in Ta-
ble I.21,22,27,34–38,40 In Table I, the dielectric constants for
the IL and CT exciton are denoted by κ‖ and κ =
√
κ‖κ⊥,
respectively,8,39–41 where κ‖ and κ⊥ represent the dielec-
tric constants parallel and perpendicular to the layer,
respectively. Accordingly, by using the binding energy
of the IL exciton Eb,‖ directly measured from the ex-
periments in ML TMDs,27,34–38 the binding energy of
the CT exciton Eb,⊥ and the exciton Bohr radius aB‖
(aB⊥) for the IL (CT) exciton are calculated, as shown
in Table I.8 Furthermore, the effective hopping energy
for the hole t∗⊥ is determined according to Eq. (4) with
t⊥ known.21,22 The experimentally measured energy gap
between the lowest conduction band and highest valence
band,27,34–38 and energy splitting for the valence bands
are also listed in Table I.21,22,27,35,36,38
TABLE I: Material parameters for the calculation of the ex-
cimer state and excitation energy.
MoS2 WS2 MoSe2 WSe2
κ‖ 4.8 4.4 6.9 4.5
κ⊥ 3.0 2.9 3.8 2.9
κ 3.8 3.6 5.1 3.6
Eb,‖ (meV) 570
a 700b 550c 600d
Eb,⊥ (meV) 909 1046 1007 938
aB‖ (A˚) 10.5 9.4 13.9 10.7
aB⊥ (A˚) 8.3 7.7 5.6 8.5
2t⊥ (meV) 86 109 106 134
2t∗⊥ (meV) 79 102 101 124
Eg (eV) 2.5
a 2.73b 2.18c 2.4d
2λv (meV) 147 380
b 182 420d
a Ref. 34. b Refs. 27,35,36. c Ref. 37. d Ref. 38.
Based on the material parameters in Table I, for the
BL WS2, the energy levels E1 and E2 for the IL and
CT excitons are further calculated, shown in Table II. In
Table II, the two kinds of excimer states in BL TMDs
are further represented by |ILA; CTB〉 and |ILB; CTA〉,
respectively. We then calculate the optical excitation en-
ergies E1′ and E2′ for the excimer from Eq. (6), and the
corresponding amplitudes A
IL(CT)
1′ and A
IL(CT)
2′ of the IL
(CT) exciton in the excimer state from Eq. (7), as shown
in Table II.
From the results in Table II, it can be seen that there
are four optical excitations in the BL WS2, whose energy
levels are calculated to be 1.69, 1.99, 2.10 and 2.41 eV,
respectively. On one hand, for the lowest (highest) en-
ergy level 1.69 (2.41) eV, it can be seen from the am-
plitude ACT2′ ≈ 1 (AIL1′ ≈ 1) that the excitation state is
actually the A CT (B IL) exciton state. On the other
hand, the energy levels E1 = 2.03 eV for the A IL ex-
citon and E2 = 2.06 eV for the B CT exciton are very
close (|E1−E2| ≪ 2t∗⊥), and hence the A′ and B′ excimer
states corresponding to E′1 = 1.99 and E
′
2 = 2.10 eV form
due to the efficient inter-layer hopping of the hole. Ac-
cordingly, the binding energy for the A′ excimer state is
calculated to be |E1 −E′1| = 40 meV. Our calculated re-
sults show good agreement with the recent experiments
in BL WS2.
23,26,27
In the experiment of Zhu et al. for the BL WS2,
26
5it has been observed that there are four resonant ex-
citations with excitation energies approximately being
1.68, 1.93, 1.99 and 2.37 eV, in good agreement with
our calculation with 1.69, 1.99, 2.10 and 2.41 eV.23 How-
ever, in the experiments,23,26,27 these four excitations
have been speculated to be the indirect exciton for the
Γ valley, trion, A exciton and B exciton excitations, re-
spectively. According to our theory, these four excita-
tions are the A CT exciton, A′ excimer, B′ excimer and
B IL exciton, in consistence with the understanding in
the BL TMD heterostructures.24,25 Furthermore, com-
pared to the ML WS2, the obvious redshift for the A
exciton about 30 ∼ 50 meV is observed in the BL WS2
in these experiments,26,27 which also confirms our calcu-
lated binding energy 40 meV for the A′ excimer.
Finally, we address that the inter-layer hopping en-
ergy for the hole can be tuned by variation of the inter-
layer distance,28 which can be realized in high pressure
experiment.29,50 Hence, the energy levels of the A′ and
B′ excimer states can be tuned by means of the pressure
in BL WS2 and other BL TMDs, which can be observed
in the experiment directly.29,50
TABLE II: Energy levels and the amplitudes for the IL and
CT excitons for the excimer state in the BL WS2. E1 and E2
are the energy levels for the corresponding IL and CT excitons
in the excimer states; E1′ and E2′ are the optical excitation
energies for the excimer with A
IL(CT)
1′ and A
IL(CT)
2′ being the
corresponding amplitudes of the IL (CT) exciton.
|ILA; CTB〉 |ILB ; CTA〉
E1 (eV) 2.41 2.03
E2 (eV) 1.69 2.06
E1′ (eV) 2.41 1.99
E2′ (eV) 1.69 2.10
AIL1′ 1.0 0.79
ACT1′ 0.0 -0.62
AIL2′ 0.0 0.62
ACT2′ 1.0 0.79
B. Exchange interaction between excimer states
We further show the exchange interaction between
the excimer states in BL TMDs (refer to Ap-
pendix A).30,32,48,48,49 With the IL and CT exciton states
with center-of-mass P expressed as |mn;P〉 and |mn′;P〉
in Eq. (1), for simplicity, the excimer state is further rep-
resented as
|mn;mn′;P〉 = Amn1s |mn;P〉+Amn
′
1s |mn′;P〉. (8)
Accordingly, the exchange interaction between the two
excimer states |m1n1;m1n′1;P〉 and |m2n2;m2n′2;P′〉 can
be obtained from the exchange interaction between the
exciton states, which only exists between the bright
ones,30,31
〈m2n2;m2n′2;P′|Hex|m1n1;m1n′1;P〉
= (Am2n21s )
∗Am1n11s 〈m2n2;P′|Hex|m1n1;P〉
+ (Am2n21s )
∗Am1n
′
1
1s 〈m2n2;P′|Hex|m1n′1;P〉
+ (A
m2n
′
2
1s )
∗Am1n11s 〈m2n′2;P′|Hex|m1n1;P〉
+ (A
m2n
′
2
1s )
∗Am1n
′
1
1s 〈m2n′2;P′|Hex|m1n′1;P〉. (9)
At the right hand side of Eq. (9), the first (last) term
describes the exchange interaction between the two IL
(CT) exciton states; whereas the second and third terms
show the exchange interaction between the IL and CT
exciton states. These exchange interactions between the
bright exciton states include both the long-rang (L-R)
and short-range (S-R) parts, with the latter one usually
being one order of magnitude smaller than the former in
semiconductors.51 For the L-R part in Eq. (9), as shown
later, the first term is one order of magnitude larger than
the second and third terms; whereas the second and third
terms are one order of magnitude larger than the last one.
For the S-R part, the exchange interaction between the
IL exciton states (the first term) is in the same order as
the L-R one between the IL and CT excitons (the second
and third terms). Here, we only show the explicit form
for the exchange interaction in the same order as the L-R
one between the IL and CT excitons, which are dominant
in the exchange interaction between the excimers (the
second and third terms).
With the initial and final exciton states being the IL
bright exciton states, the exchange interaction describes
the virtual recombination of the e-h pair in one IL bright
exciton state and then generation of another IL bright
one due to the Coulomb interaction directly (as shown in
Fig. 1). The L-R (S-R) exchange interaction is written
as [given in Eq. (A11) in Appendix A]
H
L(1)
m
′
n
′
mn
=
e2
2ε0κ‖|P|
δP,P′
[
f IL1s (0)
]∗
f IL1s (0)Q
(1)
m
′
n
′
mn
(P), (10)
where
Q
(1)
m
′
n
′
mn
(P) =
~
2
2m20
[ 1
(Em − En)2 +
1
(Em′ − En′)2
]
× (P · pim′Θn′)(P · piΘnm). (11)
Here, m0 is the free electron mass; ε0 stands for the vac-
uum permittivity; pim′Θn′ and piΘnm come from the k ·p
matrix elements in the Hamiltonian [Eq. (A1)] with Θ
being the time reversal operator (refer to Appendix A).
With the IL bright exciton states shown in the order
|↑uKc, ↑uKv〉, |↓uKc, ↓uKv〉, |↑lKc, ↑lKv〉, |↓lKc, ↓lKv〉, |↑uK′c, ↑uK′v〉,
|↓uK′c, ↓uK′v〉, |↑lK′c, ↑lK′v〉 and |↓lK′c, ↓lK′v〉, according to
Eq. (10), the exchange interaction matrix between the
above IL bright exciton states |m1n1;P〉 and |m2n2;P′〉
reads
6H(1)ex =
CδP,P′
|P|


α1|P|2 β|P|2 βP 2+ α1P 2+ −βP 2+ −α1P 2+ −α1|P|2 −β|P|2
α2|P|2 α2P 2+ βP 2+ −α2P 2+ −βP 2+ −β|P|2 −α2|P|2
α2|P|2 β|P|2 −α2|P|2 −β|P|2 −βP 2− −α2P 2−
α1|P|2 −β|P|2 −α1|P|2 −α1P 2− −βP 2−
α2|P|2 β|P|2 βP 2− α2P 2−
α1|P|2 α1P 2− βP 2−
α1|P|2 β|P|2
α2|P|2


. (12)
Here, C = e2/(2ε0κ‖)
∣∣f IL1s (0)∣∣2; P± = Px ± iPy; the
material parameters α1 = a
2t2/(∆ − λc + λv)2, α2 =
a2t2/(∆+λc−λv)2 and β = 12
[
a2t2
(∆+λc−λv)2 +
a2t2
(∆−λc+λv)2
]
are calculated according to the parameters in Ref. 21
with λc representing the splitting of the conduction band,
shown in Table III for the BL MoS2, WS2, MoSe2 and
WSe2, respectively.
With the initial and final exciton states being the CT
and IL exciton states, the exchange interaction describes
the process that the hole in the CT exciton first hops from
one layer to another and then recombines virtually with
the electron part to generate the IL exciton due to the
Coulomb interaction. Hence, this process [Eq. (13)] for
the L-R exchange interaction is in the order t∗⊥/Eg times
of the former L-R one [Eq. (10)]. This L-R exchange
interaction is expressed as
H
L(2)
m
′
n
′
mn
=
e2
2ε0κ‖|P|
δP,P′
[
f IL1s (0)
]∗
fCT1s (0)Q
(2)
m
′
n
′
mn
(P),
where
Q
(2)
m
′
n
′
mn
(P) =
~
2
2m20
(P · pim′Θn′)(P · piΘl′′m)T˜ΘnΘl′′
(Em − El′′)(Em − En)
×
( 1
Em − El′′ +
1
Em − En
)
. (13)
With the CT exciton states being represented by |↑uKc
, ↑lKv〉, |↓uKc, ↓lKv〉, |↑lKc, ↑uKv〉, |↓lKc, ↓uKv〉, |↑uK′c, ↑lK′v〉, |↓uK′c
, ↓lK′v〉, |↑lK′c, ↑uK′v〉 and |↓lK′c↓uK′v〉, according to Eq. (13),
the exchange interaction matrix between the above CT
bright exciton and IL bright exciton states |mn;P〉 and
|mn′;P′〉 reads
H(2)ex =
C′δP,P′
|P|


α˜(1)|P|2 β˜(1)|P|2 β˜(−1)P 2+ α˜(−1)P 2+ −β˜(1)P 2+ −α˜(1)P 2+ −α˜(−1)|P|2 −β˜(−1)|P|2
β˜(1)|P|2 β˜(−1)P 2+ α˜(−1)P 2+ −β˜(1)P 2+ −α˜(1)P 2+ −α˜(−1)|P|2 −β˜(−1)|P|2
β˜(−1)|P|2 α˜(−1)|P|2 −β˜(1)|P|2 −α˜(1)|P|2 −α˜(−1)P 2− −β˜(−1)P 2−
α˜(−1)|P|2 −β˜(1)|P|2 −α˜(1)|P|2 −α˜(−1)P 2− −β˜(−1)P 2−
β˜(1)|P|2 α˜(1)|P|2 α˜(−1)P 2− β˜(−1)P 2−
α˜(1)|P|2 α˜(−1)P 2− β˜(−1)P 2−
α˜(−1)|P|2 β˜(−1)|P|2
β˜(−1)|P|2


.
(14)
Here, C′ = e2/(2ε0κ‖)
[
f IL1s (0)
]∗
fCT1s (0). The parameters
α˜(τ) =
a2t2τ∗⊥(∆− λc + τEd/2)
(∆− λc + λv)2(∆− λc − λv + τEd)2 (15)
and
β˜(τ) =
a2t2τ∗⊥(∆ + λc + τEd/2)
(∆ + λc − λv)2(∆ + λc + λv + τEd)2 , (16)
with E and d being the magnitude of the electric field and
the interlayer distance, respectively. Specifically, one ob-
serves that the form of Eq. (14) is very similar to the one
of Eq. (12), with the magnitude of the former [Eq. (14)]
being one order smaller than the latter [Eq. (12)]. α˜(τ)
and β˜(τ) are calculated with the material parameters
taken from Ref. 21 for E = 0, shown in Table III for
the BL MoS2, WS2, MoSe2 and WSe2, respectively.
From Eqs. (12) and (14), both the intra- and inter-
valley exchange interactions can cause the bright excimer
7TABLE III: Material parameters α1, α2, β, α˜(±1) and β˜(±1)
for the BL MoS2, WS2, MoSe2 and WSe2 with the unit being
A˚
2
.
α1 α2 β α˜(±1) β˜(±1)
MoS2 4.51 3.82 4.16 0.09 0.09
WS2 6.54 4.43 5.48 0.14 0.14
MoSe2 4.65 3.67 4.16 0.14 0.14
WSe2 7.39 4.49 5.94 0.21 0.21
transition due to the MSS mechanism.32,33 However, if
the energy levels for the two excimer states have large
splitting, the excimer transition is nearly forbidden due
to the detuning effect.52 Hence, in the BL WS2, by con-
sidering the large energy splitting about 100 meV for the
A′ and B′ excimer states, we only need to consider the
transition between the degenerate excimer states.26
III. PL DEPOLARIZATION DUE TO E-H
EXCHANGE INTERACTION
In this section, we focus on the PL depolarization due
to the e-h exchange interaction based on the KSBEs
in the BL WS2. We first present the model and then
study the PL depolarization dynamics in the pump-probe
setup.
1. Model and KSBEs
We focus on the four degenerate A′ bright excimer
states (E′1 = 1.99 eV) according to the experiment condi-
tion in the work of Zhu et al.,26 which are represented as
|↓uKc, ↓uKv; ↓uKc, ↓lKv;P〉, |↑lKc, ↑lKv; ↑lKc, ↑uKv;P〉, |↑uK′c, ↑uK′v
; ↑uK′c, ↑lK′v;P〉 and |↓lK′c, ↓lK′v; ↓lK′c, ↓uK′v;P〉. According
to chiral optical valley selection rule,21 the first and
fourth (second and third) states are associated with σ+
(σ−) light. From Eqs. (12) and (14), the L-R exchange
interaction between the four excimer states are written
as
Hex(P) ≈ C
′′δP,P′
|P|


|P|2 P 2+ −P 2+ −|P|2
P 2− |P|2 −|P|2 −P 2−
−P 2− −|P|2 |P|2 P 2−
−|P|2 −P 2+ P 2+ |P|2

 .
(17)
Here, C′′ =
∣∣AIL1′ ∣∣2Cα2 + 2AIL1′ ACT1′ C′β˜(±1).
With the exchange interaction Hamiltonian [Eq. (17)],
the PL depolarization dynamics associated with the A′
bright excimers (E′1 = 1.99 eV) can be described by the
KSBEs:32,33,42,43
∂tρ(P, t) = ∂tρ(P, t)|coh + ∂tρ(P, t)|scat. (18)
In these equations, ρ(P, t) represent the 4 × 4 density
matrices of the A′ bright excimers with center-of-mass
momentum P at time t, in which the diagonal elements
ρss(P, t) describe the excimer distribution functions and
the off-diagonal elements ρss′(P, t) with s 6= s′ represent
the coherence between different excimer states. In the
collinear space, the coherent term is given by
∂tρ(P, t)|coh = − i
~
[
Hex, ρ(P, t)
]
, (19)
where [ , ] denotes the commutator. The scattering term
∂tρ(P, t)|scat is written in the elastic approximation as32
∂tρ(P, t)|scat =
∑
P′
WPP′
[
ρ(P′, t)− ρ(P, t)]. (20)
Here, WPP′ represents the momentum scattering rate.
By solving the KSBEs, one obtains the evolution of the
PL polarization
P (t) =
[
I(σ+)− I(σ−)
]
/
[
I(σ+) + I(σ−)
]
=
1
nex
∑
P
Tr[ρ(P, t)I ′], (21)
with I(σ±) representing the intensity of the σ± light
and nex=
∑
P
Tr[ρ(P, t)] being the density of the pumped
bright excimer;
I ′ =


1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 1

 . (22)
The initial condition for the density matrix is set to be
ρss(P, 0) = αss exp
{
− [ε(P)− εpump]2/(2Γ2)} (23)
and ρss′ (P, 0) = 0 with s 6= s′. Here, ε(P) =
~
2|P|2/(2m∗) is the excimer kinetic energy with m∗ be-
ing the excimer effective mass, which is the same as the
effective mass of the IL and CT excitons; εpump is the en-
ergy of pulse center in reference to the minimum of the
excimer energy band; Γ denotes the energy broadening
of the pulse;
αss =
nss∑
P
exp
{
− [ε(P)− εpump]2/(2Γ2)} , (24)
with nss being the pumped excimer density. In the pump-
probe experiment, according to the chiral optical valley
selection rule,21 we set n11 = n44 = nex/2 and n22 =
n33 = 0 with P (0) = 100%.
2. PL depolarization dynamics in the pump-probe setup
Then we look into the PL depolarization dynamics in
the pump-probe setup in the BL WS2.
27 The material
parameters in our computation are listed in Table IV.
8TABLE IV: Material parameters used in the computation for
the KSBEs.
κ‖ 4.4
a m∗/m0 0.21
b
aB‖(nm) 0.94 aB⊥(nm) 0.77
nex (cm
−2) 1012 τ∗P (fs) 13.0
c
α2 (A˚
2
) 4.43 β(±1) (A˚
2
) 0.14
AIL1′ 0.79 A
CT
2′ −0.62
a Ref. 34. b Refs. 53. c Refs. 26.
In our computation, as a first step in the investiga-
tion, the momentum relaxation time τ∗P in Table IV is
obtained based on the elastic scattering approximation
in the KSBEs.32 Its value is estimated to be 13 fs by
considering the measured broadening of the A exciton
energy Γ ≈ 55 meV at 10 K with τ∗P ≈ ~/Γ.26,27 By
setting εpump = 0 eV in Eq. (23),
44–46 with the material
parameters in Table IV, the evolution of the PL polar-
ization with different energy broadenings and scattering
strengths can be obtained by numerically solving the KS-
BEs, shown in Fig. 2.
 30
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FIG. 2: (Color online) Evolution of the PL polarization when
the pumped energy centered at the resonance energy for the
A′ bright excimer (E′1 = 1.99 eV) with different energy broad-
enings (Γ = 50 and 5 meV) and momentum relaxation times
(τ∗P /4, τ
∗
P and 4τ
∗
P ).
From Fig. 2, several features of the PL depolarization
dynamics can be obtained. Similar to the experimen-
tal results in ML TMDs,45,46 with the absorption of the
σ+ light, the emergence of the σ− light is also instan-
taneous (in the order of 10 fs) when the energy broad-
ening is large (Γ = 50 meV) or/and the scattering is
weak. Moreover, there is also a large residual PL po-
larization 50%, lasting for extremely long time, which is
robust against the initial energy broadening and strength
of the momentum scattering. This seems similar to the
situation in ML TMDs.30,44–46 However, in the BL WS2,
the mechanism for the existence of this large residual PL
polarization is different from the ML situation.30,44–46
In ML TMDs, the residual PL polarization arises from
the weak exchange interaction between the exciton states
with |P| ≈ 0, in which the decay of the residual PL po-
larization (about 10%) is nevertheless obvious and lasts
only for about 10 ps.30,44–46 Moreover, the residual PL
polarization there is sensitive to the experimental con-
ditions and strength of the scattering. In the following,
we show that the anomalous PL depolarization behavior
here, which is very different from the spin relaxation in
semiconductors,43,54–61 arises from the unique feature of
the exchange interaction [Eq. (17)] in the BL WS2.
It is interesting to see that when the system evolves
into the steady state shown in Fig. 2 with P = 50%, the
density matrix evolved into has the form
ρs(P) = a(P)


3/8 0 0 1/8
0 1/8 −1/8 0
0 −1/8 1/8 0
1/8 0 0 3/8

 . (25)
Here, a(P) depends on the concrete initial condi-
tion [Eq. (23)] and satisfies the normalized condition∑
P
a(P)/nex = 1. One notes that when the system
evolves into this steady state [Eq. (25)] with the ini-
tial condition n11 = n44 = nex/2 and n22 = n33 = 0,
(n11 + n44)/(n22 + n33) = 3 : 1 is satisfied and P =
1
nex
∑
P
Tr[ρs(P)I
′] is calculated to be 50% exactly. Fur-
thermore, when the system is polarized by the σ− light
with the initial condition being n11 = n44 = 0 and
n22 = n33 = nex/2, we find (n11+n44)/(n22+n33) = 1 : 3
and P = −50% in the steady state. Moreover, it is easy
to verify that this density matrix commutes with the ex-
change interaction Hamiltonian [Eq. (17)][
Hex(P), ρs(P)
]
= 0, (26)
with ρs(P)Hex(P) = Hex(P)ρs(P) = a(P)Hex(P)/4.
Hence, from the KSBEs [Eq. 18], this guarantees the
residual PL polarization is in the steady state.
In Appendix B, we extend our formula to the situation
with the system pumped by the elliptically polarized light
analytically. With the polarization of the elliptically po-
larized light being x =
[
I(σ+)−I(σ−)
]
/
[
I(σ+)+I(σ−)
]
,
we show that the residual PL polarization is always x/2,
which is half of the initial polarization of the elliptically
polarized light. Furthermore, the steady-state density
matrix ρs(P) is proved to be
ρs(P) =
a(P)
4


1 + x/2 0 0 x/2
0 1− x/2 −x/2 0
0 −x/2 1− x/2 0
x/2 0 0 1 + x/2

 .
(27)
Therefore, the steady-state density matrix Eq. (25) with
the system pumped by the σ+ light (x = 100%) is only
a special situation in Eq. (27).
9Finally, we address the recent steady-state measure-
ment of the PL polarization by Zhu et al. for the BL
WS2, in which the anomalous PL polarization as large
as P ≈ 100% is observed.26 The puzzle of the experi-
ment is that under the same experimental condition, the
measured PL polarization in the BL WS2 is anomalously
larger than the ML situation, in which P is less than
40%,26 and hence this cannot be understood by the spin-
layer locking picture by Jones et al..21,22 However, this
experiment can be well understood according to our cal-
culation in the BL WS2 based on the exchange interac-
tion. In the BL WS2, the PL relaxation time τs should
be extremely long when the system is at the steady state.
Moreover, according to the rate equation,4,10,11,18 the
steady-state PL polarization is derived to be
P = P0/(1 + 2τr/τs), (28)
with P0 ≈ 100% being the inital PL polarization. Hence
when τs ≫ τr, we obtain P ≈ 100%. Whereas in the ML
WS2, it has been well understood that the e-h exchange
interaction can cause PL depolarization efficiently.30,31
IV. CONCLUSION AND DISCUSSION
In conclusion, we have investigated the excimer exci-
tation spectra and the PL depolarization dynamics in
BL WS2. We first present a possible understanding for
the optical excitation spectra for the recent PL experi-
ments by Zhu et al. in the BL WS2,
26,27 in which four
resonance excitations (1.68, 1.93, 1.99 and 2.37 eV) are
observed and speculated to be the indirect exciton for
the Γ valley, trion, A exciton and B exciton excitations,
respectively.26,27 Furthermore, in the experiment,26,27
the redshift for the A exciton energy about 30 ∼ 50 meV
is observed when the sample is synthesized from ML to
BL. In our study, we find that in the BL WS2, due to
the efficient inter-layer hopping of the hole, the excimer
states can be formed from the superposition of the IL and
CT excitons.8,39–41 According to our study, the energy
levels of the four experimentally observed optical excita-
tions in the BL WS2 are calculated to be 1.69, 1.99, 2.10
and 2.41 eV, corresponding to A CT exciton, A′ excimer,
B′ excimer and B IL exciton, respectively. Here, the A′
(B′) excimer state is composed of the A IL and B CT
exciton states. These calculations show good agreement
with the recent experiments by Zhu et al.,26,27 but with
different understanding for the first three elementary ex-
citations. Furthermore, the binding energy for the A′ ex-
cimer state is calculated to be 40 meV, in consistent with
30 ∼ 50 meV observed in the experiment.26,27 Based on
the excimer state, we further derive the e-h exchange in-
teraction including all the dominant processes. With the
transition channel between dark excitons forbidden,30,31
we find both the intra- and inter-valley exchange interac-
tions can cause the bright excimer transition due to the
MSS mechanism.32,33
We then study the PL depolarization dynamics due
to the e-h exchange interaction in the pump-probe setup
based on the KSBEs. We find that with the absorption
of the σ+ light, the emergence of the σ− light can be in-
stantaneous, which is similar to the ML situation.30,44–46
Moreover, we further find that there is always a resid-
ual PL polarization as large as 50%, lasting for ex-
tremely long time, which is robust against the initial
energy broadening and strength of the momentum scat-
tering. This large steady-state PL polarization indi-
cates that the PL relaxation time is extremely long in
the BL WS2 in the steady state and can be the cause
of the anomalously large PL polarization nearly 100%
observed in the experiment by Zhu et al. in the BL
WS2.
26 This steady state is shown to come from the
unique form of the exchange interaction Hamiltonian
[Eq. (17)], under which the density matrix evolves into
the state ρs(P) [Eq. (25)] which communicates with the
exchange interaction Hamiltonian
[
Hex(P), ρs(P)
]
= 0,
with ρs(P)Hex(P) = Hex(P)ρs(P) ∝ Hex(P). Specifi-
cally, from the density matrix ρs(P) [Eq. (25)], one fur-
ther observes that when the system is polarized by the
σ+ light, in the steady state, the density ratio of the
bright excimers associated with the σ+ and σ− light is
3 : 1; whereas when the system is polarized by the σ−
light, this ratio is 1 : 3. Furthermore, in general, if the
system is pumped by the elliptically polarized light, we
have demonstrated that the residual PL polarization is
always half of the initial polarization of the elliptically
polarized light. Moreover, it is noted that although this
specific exchange interaction Hamiltonian [Eq. (17)] is
derived based on the excimer states, its contribution is
mainly from the exchange interaction between the two IL
excitons [Eq. (12)].
It should be noted that rather than our approach by
dealing first with the strong Coulomb interaction and
then the influence of the inter-layer hopping of the hole
for the excimer state,30,32,48,48,49 Jones et al. presented
other treatment for the exciton states in BL TMDs by
considering the influence of the inter-layer hopping of
the hole.22 In their treatment, Jones et al. first diag-
onalize the k · p Hamiltonian [Eq. (A1)] and then con-
struct the exciton states with the eigenstates of the
Hamiltonian.21,22 However, due to the fact that the inter-
layer hopping energy for the hole is smaller than the va-
lence bands energy splitting, the mixture of the wave-
function of the holes in different layers is negligible and
hence the BL TMDs can be treated as two separated
ML TMDs, which is referred to as the spin-layer locking
effect in their study.21,22 However, this treatment is cor-
rect only when the strength of the Coulomb interaction
is weak, and hence the exciton binding energy is much
smaller than the inter-layer hopping energy for the hole.
Whereas in BL TMDs, the experimentally measured ex-
citon binding energy is much larger than the inter-layer
hopping energy for the hole.21,22,27,34–38 Therefore, one
should first deal with the Coulomb interaction and then
the effect of the inter-layer hopping of the hole to get the
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correct picture for the excitation in BL TMDs, as we do
in this study.
Furthermore, there also exists other speculation for the
lowest excitation with excitation energy E ≈ 1.68 eV ob-
served in the BL WS2 in the literature.
23,26 Zhao et al.23
and Zhu et al.26 claimed that this excitation comes from
the indirect excitation for the Γ valley. This claim is still
controversial. On one hand, this is in contrast to the un-
derstanding in the BL TMD heterostructures, where the
lowest excitation is considered to be the CT exciton.24,25
On the other hand, the indirect excitation needs to in-
volve a high-order phonon absorption/emission process,
whose efficiency can be very low in the optical process.
According to our calculation, this excitation comes from
the CT exciton. More investigations are needed to fur-
ther clarify this problem.
Finally, we summarize the several approximations
in our study. First, the excimer excitation spec-
tra are calculated from the material parameters con-
structed from the ML TMDs including experimental
measurements27,34–38 and theoretical calculations.21,22,40
However, when the sample is synthesized from ML to BL,
both the energy bands and the dielectric environment can
be influenced.23,27,40 This may also cause the energy shift
for the optical excitation in BL TMDs compared to the
ML situation. Nevertheless, this cannot modify the phys-
ical picture for the four elementary excitations we reveal
here. Second, in our calculation, we only include the
bright exciton for the excimer excitation energy. This is
because although the dark exciton can also contribute to
the formation of the excimer state, on one hand, it has
negligible influence on the excimer energy level; on the
other hand, it cannot be excited in the optical process.
Hence, in the optical process, only the bright exciton is
considered.
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Appendix A: Excimer Hamiltonian
In this appendix, based on the k · p Hamiltonian,
we give the explicit form of the excimer Hamiltonian
Heh
m
′
n
′
mn
(
r
′
1
r
′
2
r1 r2
)
for the exciton envelop function F˜mn(r1, r2)
in the coordinate space, where m(m′) and n(n′) denote
the indices including the layer, valley and spin degrees of
freedom for the electron and hole.32,48,49
The k · p Hamiltonian with the basis |du
z2
〉, |dl
z2
〉,
1√
2
(|du
x2−y2〉 − iτz|duxy〉) and 1√2 (|dlx2−y2〉 + iτz|dlxy〉)
reads21,22
Hˆ =


∆− τzszλc + Ed/2 0 at(τzkx + iky) 0
0 ∆ + τzszλc − Ed/2 0 at(τzkx − iky)
at(τzkx − iky) 0 −τzszλv + Ed/2 τ⊥
0 at(τzkx + iky) τ⊥ τzszλv − Ed/2

 . (A1)
Here, a is the lattice constant and t represents the effec-
tive hopping integral; ∆ is the band gap; 2λc (2λv) rep-
resents the energy splitting for the conduction (valence)
bands; τ⊥ denotes the inter-layer hopping for the hole (it
vanishes for the electron); τz = ±1 stands for the valley
index with τz = 1 (−1) for the K (K′) valley; sz denotes
the Pauli spin matrix; E and d are the magnitude of the
electric field and the interlayer distance, respectively.
The eigenequation expressed by the excimer Hamilto-
nian for the exciton envelop function satisfies
∑
mn
∫
dr1dr2H
eh
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
F˜mn(r1, r2) = EF˜m′n′(r
′
1, r
′
2),
(A2)
where
Heh
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
=
[
Hem′m(k1)δn′n +H
h
n′n(k2)δm′m
+ U eh(r1 − r2)δm′mδn′n + Tm′n′
mn
]
δ(r1 − r′1)δ(r2 − r′2)
+ U
ex(1)
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
+ U
ex(2)
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
. (A3)
Here, k = −i∇,
U eh(r1 − r2) = − e
2
4piε0κl|r1 − r2| , (A4)
with κl being κ‖ (κ ≡ √κ‖κ⊥) if the electron in the m-
band and hole in the n-band are in the same (different)
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layer;
Hem′m(k1) = Em(k0)δm′m
+
~
2
2m20
∑
m′′
[
k1 · pim′m′′(k0)
][
k1 · pim′′m(k0)
]
×
[ 1
Em(k0)− Em′′(k0) +
1
Em′(k0)− Em′′(k0)
]
; (A5)
Hhn′n(k2) = −HeΘnΘn′(−k2); (A6)
and
Tm′n′
mn
= Tn′nδm′m (A7)
with Tn′n being nonzero τ⊥) only when the holes in the
n- and n′-bands are located in the different layers with
the same valley and spin degrees of freedom. In Eq. (A5),
pi = p + ~
4m2
0
c2
[σ × (∇V0)] with V0 denoting the lattice
potential. piηη′(k0) stands for the matrix elements of
pi between two Bloch wavefunctions with indices η and
η′. The nonzero expressions of piηη′(k0) can be obtained
from the Hamiltonian Eq. (A1). For the K (τz = 1) and
K′ (τz = −1) valleys,
〈↑uc |pix| ↑uv 〉 = 〈↓uc |pix| ↓uv 〉 = τzm0at/~,
〈↑uc |piy| ↑uv 〉 = 〈↓uc |piy | ↓uv 〉 = im0at/~,
〈↑lc |pix| ↑lv〉 = 〈↓lc |pix| ↓lv〉 = τzm0at/~,
〈↑lc |piy| ↑lv〉 = 〈↓lc |piy| ↓lv〉 = −im0at/~. (A8)
We then express the e-h exchange interaction. For
U
ex(1)
m
′
n
′
mn
(
r
′
1
r
′
2
r1 r2
)
, it describes that the e-h pair in one IL exci-
ton can virtually recombine and then generate another IL
exciton due to the Coulomb interaction directly. We ex-
press the e-h exchange interaction Hamiltonian for both
the L-R and S-R parts:
U
ex(1)
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
= HLR
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
+HSR
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
. (A9)
For the L-R part,
HLR
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
= −
∑
αβ
~
2
2m20
piαΘnm(k0)pi
β
m′Θn′(k
′
0)
×
{ 1[
Em(k0)− En(k0)
]2 + 1[
Em′(k′0)− En′(k′0)
]2}
× ∂
2
∂rα1 ∂r
β
1
U(r1 − r′2)δ(r1 − r2)δ(r′1 − r′2), (A10)
with α (β) denoting x or y. For the S-R part,
HSR
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
= SUm′Θn
Θn′m
δ(r1 − r2)δ(r1 − r′1)δ(r2 − r′2),
(A11)
with
Um′Θn
Θn′m
=
1
S2
∫
dr1dr2
[
Ψm
′
k′
0
(r1)
]∗[
ΘΨ˜n
k0
(r2)
]∗
× U(r1 − r2)
[
ΘΨ˜n
′
k
′
0
(r1)
]
Ψm
k0
(r2). (A12)
Here, S is the area of the 2D plane of the BL WS2.
For U
ex(2)
m
′
n
′
mn
(
r
′
1
r
′
2
r1 r2
)
, it describes that the hole in the CT
exciton first hops from one layer to another and then re-
combines virtually with the electron part to generate the
IL exciton due to the Coulomb interaction. The domi-
nant process of this exchange interaction is the L-R part,
which is written as
U
ex(2)
m
′
n
′
mn
(
r′1 r
′
2
r1 r2
)
= − ~
2
2m20
∑
αβ
∑
l′′
piαm′Θn′(k0)pi
β
Θl′′m(k
′
0)TΘnΘl′′
[Em(k0)− El′′(k0)][Em(k0)− En(k0)]
×
[ 1
Em(k0)− El′′ (k0) +
1
Em(k0)− En(k0)
]
× ∂
2
∂rα1 ∂r
β
1
U(r1 − r′2)δ(r1 − r2)δ(r′1 − r′2). (A13)
Appendix B: Derivation of the steady-state density
matrix ρs(P)
In this appendix, we derive the steady-state density
matrix ρs(P) based on the KSBEs [Eq. (18)]. Gener-
ally, the system can be initialized by the elliptically po-
larized light with the polarization being x =
[
I(σ+) −
I(σ−)
]
/
[
I(σ+) + I(σ−)
]
which varies from −100% to
100%. Accordingly, the pumped electron density associ-
ated with the σ+ (σ−) light is nex(1+x)/2 [nex(1−x)/2]
and hence from Eqs. (23) and (24), the initial density
matrix for the system can be written as
ρi(P) =
a(P)
4


1 + x 0 0 0
0 1− x 0 0
0 0 1− x 0
0 0 0 1 + x

 , (B1)
with
a(P) =
exp
{
− [ε(P)− εpump]2/(2Γ2)}∑
P
exp
{
− [ε(P)− εpump]2/(2Γ2)} . (B2)
In the following, we demonstrate that with this initial
condition [Eq. (B1)], the system evolves into the steady
state with residual polarization P (t) = x/2, and the
corresponding steady-state density matrix ρs(P) is pre-
sented.
The exchange interaction Hamiltonian can be splitted
into the off-block-diagonal [H
(1)
ex (P)] and block-diagonal
[H
(2)
ex (P)]62 parts
Hex(P) = H
(1)
ex (P) +H
(2)
ex (P), (B3)
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with
H(1)ex (P) =


0 P 2+ −P 2+ 0
P 2− 0 0 −P 2−
−P 2− 0 0 P 2−
0 −P 2+ P 2+ 0

 (B4)
and
H(2)ex (P) =


|P|2 0 0 −|P|2
0 |P|2 −|P|2 0
0 −|P|2 |P|2 0
−|P|2 0 0 |P|2

 . (B5)
It can be shown that the block-diagonal part [H
(2)
ex (P)]
in the exchange interaction Hamiltonian [Eq. (17)] has
no effect on the PL depolarization dynamics. From
the KSBEs [Eq. (18)], the depolarization dynamics for
P0(P, t) = Tr[ρ(P, t)I
′] can be written as
∂tTr[ρ(P, t)I
′] + iTr[Hex(P)ρ(P, t)I ′]/~
− iTr[ρ(P, t)Hex(P)I ′]/~ = 0. (B6)
Therefore, from Eq. (B6), with H
(2)
ex (P)I ′ = I ′H
(2)
ex (P),
Tr[H
(2)
ex (P)ρ(P, t)I ′] = Tr[ρ(P, t)H
(2)
ex (P)I ′] and hence
H
(2)
ex (P) has no effect on the PL depolarization dynamics.
Accordingly, with the off-block-diagonal part [H
(1)
ex (P)]
of the exchange interaction Hamiltonian, for the system
in the steady state, the condition [H
(1)
ex (P), ρ(P, t)] = 0
for any P is satisfied. Hence, for the density matrix
ρ(P, t) =


ρ11(P, t) ρ12(P, t) ρ13(P, t) ρ14(P, t)
ρ22(P, t) ρ23(P, t) ρ24(P, t)
ρ33(P, t) ρ34(P, t)
ρ44(P, t)

 ,
(B7)
it can be proved that

ρ11(P, t) = ρ44(P, t)
ρ22(P, t) = ρ33(P, t)
ρ11(P, t)− ρ22(P, t) = ρ14(P, t)− ρ23(P, t)
ρ∗14(P, t) = ρ14(P, t)
ρ∗23(P, t) = ρ23(P, t)
, (B8)
and the other matrix elements are zero.
Then with the conditions [Eq. (B8)], in order to obtain
the exact values of the nonzero terms in the density ma-
trix Eq. (B7), we can derive the relations between these
terms based on the dynamical evolution of the density
matrix with the initial condition Eq. (B1). The dynami-
cal evolution of the density matrix without the scattering
can be obtained with the Baker-Hausdorff formula, which
reads
ρ(P, t) = exp[iH(1)ex (P)t]ρi(P) exp[−iH(1)ex (P)t]
= ρi(P) + it[H
(1)
ex (P), ρi(P)]
+
i2t2
2!
[
H(1)ex (P), [H
(1)
ex (P), ρi(P)]
]
+ · · ·
+
intn
n!
H(n)com(P) + · · · , (B9)
with
H(n)com(P) =
[
H(1)ex (P),
[
H(1)ex (P), · · · [H(1)ex (P)︸ ︷︷ ︸
n
, ρi(P)]
]]
(B10)
for n = 1, 2, 3 · · · .
It can be calculated that
H(2n−1)com (P) =
1
2
(
16|P|4)n−1xa(P)
×


0 −P 2+ P 2+ 0
P 2− 0 0 −P 2−
−P 2− 0 0 P 2−
0 P 2+ −P 2+ 0

 , (B11)
and
H(2n)com (P) = 2
(
16|P|4)n−1xa(P)
×


|P|4 0 0 −|P|4
0 −|P|4 |P|4 0
0 |P|4 −|P|4 0
−|P|4 0 0 |P|4

 . (B12)
From Eq. (B12), one concludes that

ρ11(P, t) + ρ14(P, t) = a(P)(1 + x)/4
ρ22(P, t) − ρ14(P, t) = a(P)(1 − x)/4
ρ14(P, t) = −ρ23(P, t)
. (B13)
From Eqs. (B8) and (B13), when the system is in the
steady state, we obtain
ρs(P) =
a(P)
4


1 + x/2 0 0 x/2
0 1− x/2 −x/2 0
0 −x/2 1− x/2 0
x/2 0 0 1 + x/2

 .
(B14)
Therefore, from Eq. (21), the steady-state PL polariza-
tion is calculated to be P (t) = x/2, which is half of the
polarization of the elliptically polarized light. Specifi-
cally, with the system pumped by the σ+ (σ−) light,
x = 100% (x = −100%) and hence the steady-state PL
polarization is P (t) = 50% [P (t) = −50%] exactly.
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